ABSTRACT Zanthoxylum plants (Rutaceae) have drawn attention because they contain insecticidal principles against insects. An assessment was made of the insecticidal and acetylcholinesterase (AChE) inhibitory activities of Zanthoxylum piperitum steam distillate and Zanthoxylum armatum seed oil, their 28 constituents, and eight structurally related compounds against female stable ßy, Stomoxys calcitrans (L.). Results were compared with those of two organophosphorus insecticides chlorpyrifos and dichlorvos. Potent fumigant toxicity was observed with cuminaldehyde, thymol, (1S) ). However, they were Þve orders of magnitude less toxic than either chlorpyrifos or dichlorvos. An in vitro bioassay using female ßy heads indicates that strong AChE inhibition was produced by citronellyl acetate, ␣-pinene, thymol, carvacrol, and ␣-terpineol (1.20 Ð2.73 mM), but no direct correlation between ßy toxicity and AChE inhibition by the test compounds was observed. StructureÐactivity relationships indicate that structural characteristics, such as carbon skeleton, degrees of saturation and types of functional groups, and vapor pressure parameter, appear to play a role in determining toxicities of the test monoterpenoids to stable ßies. Global efforts to reduce the level of highly toxic synthetic insecticides in the agricultural environment justify further studies on Z. piperitum and Z. armatum oil-derived materials as potential insecticides for the control of stable ßy populations.
The genus Stomoxys (Diptera: Muscidae) consists of at least 18 described species (Zumpt 1973) . Among them, the stable ßy, Stomoxys calcitrans (L.), is one of the most important haematophagous insect pests of livestock because of their cosmopolitan occurrence and abundance in livestock barns, stables, and pastures , Williams 2010 . The insect causes much pain and annoyance to animals, resulting in interrupted grazing, reduced weight gain in beef cattle, and milk production in dairy cattle (Campbell et al. 1987 , Miller 1995 , Gerry et al. 2007 , as well as transmit pathogens mechanically (Williams 2010) . Economic losses caused by stable ßy have been well described by Kunz et al. (1991) , Campbell (1993) , and Taylor and Berkebile (2006) . For example, the overall annual economic loss to North America livestock producers because of stable ßies is estimated at nearly one billion U.S. dollars (Taylor and Berkebile 2006) .
Biocides from plant essential oils have been suggested as an alternative to conventional synthetic insecticides largely because they constitute a potential source of bioactive chemicals that have been perceived by the general public as relatively safe and with fewer risks to the environment, and with minimal impacts to animal and human health (Ahn et al. 2006 , Isman 2006 . They often act at multiple and novel target sites, thereby reducing the potential for resistance (Kostyukovsky et al. 2002 , Priestley et al. 2003 , Isman 2006 . They can be applied to stable ßy breeding places in the same manner as conventional insecticides. Essential oils are widely available with some being relatively inexpensive compared with plant extracts (Isman 2006) . Much effort has been focused on them as potential sources of commercial insecticides, in part, because certain essential oil preparations meet the criteria of minimum-risk pesticides (Isman 2008) . Recently, Zanthoxylum plants (Rutaceae) have drawn attention because they contain insecticidal principles against the cowpea aphid, Aphis craccivora Koch (Nissanka et al. 2001) , and the maize weevil, Sitophilus zeamais Motschulsky (Wang et al. 2011) . No information is available concerning the potential of Japanese pepper, Zanthoxylum piperitum DC., and bambooleaved prickly ash, Zanthoxylum armatum DC., for controlling stable ßies, although the repellency of Z. piperitum pericarp steam distillate (ZP-SD) and Z. armatum seed oil (ZA-SO) and their constituents to stable ßies has been reported previously (Hieu et al. 2010a,b) .
In the current study, the potential of ZP-SD and ZA-SO, their 28 constituents (Tiwary et al. 2007 , Hieu et al. 2010b , and eight structurally related compounds is assessed for use as future commercial insecticides. The toxicities of these materials to female stable ßies were assessed by contact and vapor-phase mortality bioassays and compared with those of two conventional organophosphorus insecticides (OPs) with fumigant action, chlorpyrifos and dichlorvos. The insecticide mode of action and structureÐactivity relationships of the test compounds are also discussed.
Materials and Methods
Stable Fly. The stock cultures of stable ßies, originally collected at the Seoul National University animal farm in early October 2008, have been maintained in the laboratory without exposure to any known insecticide (Hieu et al. 2010b) . Adult ßies were maintained on an 8% sucrose solution in cotton mesh cages (40 ϫ 40 ϫ 40 cm) and fed twice daily on bovine blood [Hyupsin Food Company, Anyang, Gyeonggi, Republic of Korea (ROK)] soaked in a sanitary napkin (Hieu et al. 2010b ). Larvae were reared in glass beakers (2 liters) containing 200 g of cow diet (DaeHan Livestock & Feed, Seoul, ROK) . The feed consisted of crude protein (Ͼ16.0%), crude lipid (Ͼ2.5%), crude Þber (Ͻ15.0%), crude ash (Ͻ10.0%), Ca (Ͼ0.80%), P (Ͻ0.60%), and total digestible nutrition (70.0%). They were kept at 27 Ϯ 1ЊC and 65 Ϯ 2% relative humidity (RH) under a photoperiod of 16:8 (L:D) h cycle. Longevity of eggs, larvae, pupae, and adults under these conditions was reported previously (Hieu et al. 2010b) .
Materials. ZP-SD was prepared as reported previously (Hieu et al. 2010b ). ZA-SO was purchased from Seema International (Delhi, India). The 36 commercially available organic compounds examined in this study are listed in Table 1 , along with their sources. For the structureÐactivity relationship analysis, values of molecular weight (MW) and vapor pressure (VP) for the 31 monoterpenoids were obtained from ACD/ ChemSketch (ACD/LAB 12.0 for Microsoft Window, Advanced Chemistry Development, Inc., Montreal, Canada) (Table 1) . Dichlorvos (98.9% purity) and chlorpyrifos (99.5% purity) were supplied by Chem Service (West Chester, PA). Acetylthiocholine iodide (ATChI), 5,5Ј-dithio-bis(2-nitrobenzoate) (DTNB), and bovine serum albumin (BSA) were purchased from SigmaÐAldrich (St. Louis, MO). All of the other chemicals used in this study were analytical grade and commercially available.
Vapor-Phase Mortality Bioassay. A vapor-phase mortality bioassay was used to evaluate the toxicity of ZP-SD, ZA-SO, and all compounds to female stable ßies. Groups of 50 female ßies (3Ð5 d old) were separately placed in acrylic cages (20 ϫ 30 ϫ 40 cm). Based on the preliminary test results, four to six concentrations of each test compound in 100 l of ethanol were separately pipetted to 55 mm diameter Whatman no. 2 Þlter papers (Maidstone, Kent, United Kingdom) placed onto the bottom section of glass petri dishes (55 ϫ 12 mm). After air-drying for 1 min, each dish was sealed with gauze no. 3. Each petri dish was placed onto the bottom section of the cage, which prevented direct contact of stable ßies with the test compound. The door of each cage was then closed and sealed with paraÞlm. Chlorpyrifos and dichlorvos served as positive controls and were similarly prepared. Negative control Þlter papers received 100 l of ethanol alone.
Treated and control (ethanol only) females were held under the same conditions as those used for colony maintenance. At 24 h posttreatment, a female was considered dead if its body and appendages did not move when prodded with a Þne wooden dowel. If recovery from the treatment was observed, the recovered ßy was counted as alive. Because not all bioassays could be conducted at the same time, treatments were blocked over time with a separate control treatment included in each block. Freshly prepared compound solutions were used for each block of bioassays (Robertson and Preisler 1992) . All treatments were replicated three times using 50 females per replicate.
Topical Application Method. Four to six concentrations of the test materials in 0.5 l of acetone were topically applied to the dorsal thoracic dorsa of CO 2 -anesthetized females (3Ð5 d old). Control ßies received 0.5 l of acetone. Treated and control females were held under the same conditions as those used for colony maintenance. Mortalities were recorded as stated above. Each assay was replicate three times using 30 females per replicate.
AChE Assay. Adult females (3Ð5 d old) frozen at Ϫ20ЊC were decapitated by shaking and 360 heads (545 mg) were homogenized in 5 ml of ice-cold 0.1 M sodium phosphate buffer (pH 8.0) using a Teßon glass tissue homogenizer. The homogenate was centrifuged at 10,000 ϫ g at 4ЊC for 20 min. The supernatant was Þltered by a 0.22 m-Millex-GV Þlter (Millipore, Cork, Ireland) and was used as the AChE preparation. Protein concentrations were determined by the Bradford dye method (Bradford 1976 ) using BSA as the standard. A microplate AChE assay was carried out following the method of Moores et al. (1988) adapted from Ellman et al. (1961) . The reaction mixture consisted of 80 l of the crude enzyme preparation, 10 l of 7.5 mM DTNB in phosphate buffer (pH 7.0), and 100 l of various concentrations of the test compounds in 2.5% acetone. The reaction mixture was incubated at 30ЊC for 5 min and 10 l of 6.25 mM ATChI was then added to the mixture. Chlorpyrifos and dichlorvos served as positive controls and were similarly prepared. The absorbance was recorded at 412 nm using a Molecular Devices VersaMax microplate reader (Sunnyvale, CA). All bioassays were repeated three times in triplicates.
Data Analysis. ConcentrationÐ or doseÐmortality data were subjected to probit analysis using SAS 9.1 software program (SAS Institute, Cary, NC). The LC 50 or LD 50 values of the treatments were considered to be signiÞcantly different from one another when their 95% CIs failed to overlap. The IC 50 (the concentration required to inhibit the AChE activity by 50%) value for each test compound was determined using GraphPad Prism Þve (GraphPad Software, San Diego, CA). Multiple regression and correlation analyses of the toxicities of compounds to female stable ßies were determined using their LC 50 values and physical parameter (MW and VP) values for the test monoterpenoids.
Results
Fumigant Toxicity. The fumigant toxicity of ZP-SD, ZA-SO, 36 compounds, and two OPs to female stable ßies was evaluated using a vapor-phase mortality bioassay ( ) was observed with the other 15 and 2 compounds, respectively. There was no mortality in the ethanol-treated controls.
Topical Toxicity. The contact toxicity of ZP-SD, ZA-SO, and all compounds to female stable ßies was examined using topical application (Table 3) AChE Inhibition. The AChE inhibitory activity of all compounds is recorded in Table 4 . Based on IC 50 values, strong AChE inhibition was produced by citronellyl acetate, ␣-pinene, thymol, carvacrol, and ␣-terpineol (1.20 Ð2.73 mM). These compounds were signiÞcantly less inhibitory than either chlorpyrifos or dichlorvos. Moderate AChE inhibition was obtained from cuminaldehyde, ␣-copaene, (1S)-(-)-verbenone, ␤-pinene, and ␣-terpinene (IC 50 , 4.32Ð 8.60 mM). Low (IC 50 , 11.06 Ð35.64 mM) and no inhibition (IC 50 , Ͼ50 mM) was observed with the other seven and 20 compounds, respectively.
Structure-Activity Relationship. Comparisons were made to determine fumigant toxicity differences involving the skeletal structure, conÞguration, saturation, and functional groups of the 31 monoterpenoids (Table 5 ; Fig. 1 ). The acyclic terpenoids geraniol and nerol (geometric isomers) did not differ signiÞcantly in toxicity against female stable ßies. Geraniol and nerol (primary alcohols) and linalool (a tertiary alcohol) exhibited signiÞcant differences in their toxicity. The aldehyde citronellal was more toxic than the less saturated geraniol, nerol, and linalool. Citronellal and neral exhibited greater activity than the corresponding alcohols citronellol and nerol. The oxygenated bicylic terpenoid myrtanol exhibited signiÞcantly higher toxicity than myrtenol, which is less saturated than myrtanol. Myrtenal was more toxic than myrtanol. Verbenol was signiÞcantly less toxic than the corresponding ketone verbenone. In the case of pmenthane terpenoids, terpinen-4-ol, and ␣-terpineol (tertiary alcohols), whose only structural difference is the position of the alcohol functional group, showed signiÞcant changes in activity patterns: the former is signiÞcantly more toxic than the latter against female ßies. The terpene phenol thymol was more toxic than alcohols such as geraniol and nerol. Cuminaldehyde was more active than its corresponding alcohol cuminyl alcohol.
Multiple linear regression analysis showed signiÞ-cant relationship between the fumigant toxicity (LC 50 values) of the compounds to female stable ßies and the physical parameters (MW and VP values) for the 29 monoterpenoids (except for ineffective ␣-and ␤-pinene; Table 2) (R 2 ϭ 0.39). Correlation analysis showed that VP is positively correlated with LC 50 (r ϭ 0.552), while MW is not clearly correlated with LC 50 (r ϭ Ϫ0.066).
Discussion
It is well acknowledged that certain plant essential oils can be developed into products suitable for integrated arthropod pest management because they can be selective, biodegrade to nontoxic products, and have few harmful effects on nontarget organisms and the environment (Ahn et al. 2006 , Isman 2006 . They also can be used in conjunction with biological control (Isman 2006) . Certain plant essential oils and their constituents manifest toxicity against multiple insect species of medical and veterinary importance, including stable ßy (Kaufman et al. 2010 , Mann et al. 2011 , and have been proposed as possible alternatives to conventional synthetic insecticides. Elucidation of the insecticide modes of delivery provides important practical information for stable ßy control, such as the most appropriate formulations and delivery means to be adopted for their future commercialization (Ahn et al. 2006) . Volatile compounds of many plant essential oils consist of alcohols, aldehydes, alkanes, and terpenoids, particularly monoterpenoids (Lawless 2002) . They primarily act as fumigants with additional contact action. For example, the fumigant ϩ contact toxicity to the German cockroach has been reported with linalool, ␣-terpineol, ␣-thujone, thymol, and verbenone (Jang et al. 2005) ; and borneol, camphor, citronellal, cumene, ␣-pinene, ␤-pinene, and terpinolene (Jung et al. 2007 ).
In the current study, potent fumigant toxicity was obtained from ZP-SD, ZA-SO, carvacrol, citronellal, cuminaldehyde, cuminyl alcohol, (-)-myrtenal, (-)-(Z)-myrtanol, piperitone, thymol, (S)-(Z)-verbenol, and (1S)-(-)-verbenone. This present Þnding indicates that their mode of delivery was, in part, a result of vapor action, although these compounds (except for (-)-myrtenal and (-)-(Z)-myrtanol) also exhibited contact toxicity. The treated ßies showed knockdown and paralysis 3Ð12 h after treatment. However, there was no mortality of recovered ßies 24 h posttreatment. In addition, ZP-SD was signiÞcantly more toxic than ZA-SO. This might be attributable to differences in chemical composition between ZP-SD and ZA-SO, given the present data on toxicity of individual constituents to stable ßies, or synergistic effects of the oil constituents. It has been demonstrated that (E)-anethole acted synergistically with thymol, citronellal, and ␣-terpineol against Spodoptera litura (F.) larvae (Hummelbrunner and Isman 2001) . Unlike the head louse (Yang et al. 2004 ) and German cockroach (Jang et al. 2005) , neither fumigant nor contact toxicity was observed with ␣-and ␤-pinene. The difference between the present and previous studies might be attributable to differences in one or more physiological or biochemical characteristics between stable ßy and other insects: penetration, detoxifying enzyme activity, and the relative sensitivity to the toxicant at the target site (Terriere 1984 , Graham-Bryce 1987 . The fumigant action of ZP-SD-and ZA-SO-derived materials is of practical importance because volatile compounds can easily reach deep harborages in conÞne- (Yun et al. 2012) . This system has advantages because exposure to volatile compounds can be easily controlled in conÞnement system using appropriate automatic control facility. This original Þnd-ing indicates that ZP-SD-and ZA-SO-derived preparations may hold promise for the development of novel and effective bioinsecticides against stable ßy populations. StructureÐactivity relationships of phytochemicals in many insect pests has been well noted. For example, Tsao et al. (1995) reported that enhanced potency of selected monoterpenes and phenols could be achieved through derivatization of the hydroxyl groups, which increased VP (leading to greater fumigant action) and/or increased lipophilicity (leading to better penetration of the insect cuticle and bioavailability in the insectÕs body). Jang et al. (2005) studied the structureÐactivity relationship of monoterpenoids and suggest that structural characteristics, such as degrees of saturation and types of functional groups rather than VP parameter, appear to play a role in determining the monoterpenoid toxicities to German cockroaches. In the current study, cyclic monoterpenoids were generally more toxic than acyclic ones. The terpene aldehydes and phenol were more toxic than alcohols, indicating the importance of subtle structural changes. In addition, the more saturated acyclic and bicyclic terpenoids were more toxic than the less saturated corresponding terpenoids. StructureÐactivity relationships indicate that structural characteristics, such as carbon skeleton, degrees of saturation, and types of functional groups, appear to play a role in determining toxicities of the monoterpenoids to stable ßies. VP parameter of the monoterpenoids was positively correlated to the observed toxicities.
Investigations on the modes of action of botanical biocides may contribute to the development of selective ßy control alternatives with novel target sites. Certain terpenoids inhibit AChE in the house ßy and Madagascar roach (Grundy and Still 1985) , head louse (Picollo et al. 2008) , rice weevil (Lee et al. 2001 , Abdelgaleil et al. 2009 ), and rust red ßour beetle (Abdelgaleil et al. 2009 ). Ryan and Byrne (1988) reported a relationship between insecticidal and electric eel AChE inhibitory activities of terpenoids, whereas no direct correlation between insect toxicity and AChE inhibition by terpenoids was also reported (Grundy and Still 1985 , Lee et al. 2001 , Picollo et al. 2008 , Abdelgaleil et al. 2009 ).
Although not yet proven, the octopaminergic and ␥-aminobutyric acid receptors have been also suggested as novel target sites for some essential oil constituents by Kostyukovsky et al. (2002) and Priestley et al. (2003) , respectively. In the current study, no correlation was found between fumigant toxicity and inhibition of AChE activity. Some of the terpenoids, such as carvacrol, cuminaldehyde, ␣-terpineol, thymol, and (1S)-(-)-verbenone, possessed potent AChE inhibitory and insecticidal activities. The most surprising result is that citronellyl acetate, ␣-copaene, and ␣-pinene were potent inhibitors of AChE but exhibited low to no toxicity. The other Fig. 1 . Structures of the acyclic, bicyclic, and p-menthane terpenoids discussed for structure-activity relationship. compounds were toxic to stable ßy (except for ␤-pinene) but exhibited low to no AChE inhibitory activity, indicating that AChE was not the major site of action for these compounds. Detailed tests are needed to fully understand the exact mode of action of these compounds.
In conclusion, ZP-SD, ZA-SO, and compounds described could be of practical use as fumigants with contact action for female stable ßy, provided that a carrier producing a slow-release effect can be selected or developed and leakage out of the livestock barns and stables is minimized. For practical use of the test materials as novel fumigants to proceed, further research is needed to establish their human and livestock animal safety. Historically, Zanthoxylum plants have long been considered to have medicinal properties and are used as an anthelmintic and for the treatments of disorders of the digestive organs (Perry 1980) . In addition, formulations (e.g., fumigant, spray, tablet, or smoking agent) for improving insecticidal potency and stability need to be developed.
